One critical parameter influencing the structural nature of the phase transitions in magnetocaloric materials Gd 5 (Si x Ge 1-x ) 4 is the Si/Ge ratio (x/1 − x), because transition temperatures and structures depend crucially on this value. In this study, single-crystal X-ray diffraction indicates that Si and Ge atoms are neither completely ordered nor randomly mixed among the three crystallographic sites for these elements in these structures. Ge atoms enrich the T sites linking the characteristic slabs in these structures, while Si atoms enrich the T sites within them. Decomposition of the total energy into site and bond energy terms provides a rationale for the observed distribution, which can be explained by symmetry and electronegativity arguments. For any composition in Gd 5 (Si x Ge 1-x ) 4 , a structure map is presented that will allow for a rapid assessment of the specific structure type.
Introduction
Aside from the fascinating magnetic and electrical properties discovered in the Gd 5 (Si x Ge 1-x ) 4 system such as the giant magnetocaloric effect, 1 colossal magnetostriction, 2 giant magnetoresistance, 3 spontaneous voltage generation, 4 and an unusual Hall effect, 5 one structural feature of Gd 5 (Si x Ge 1-x ) 4 that has captured the attention of solid-state chemists is its remarkable ability to cleave or re-form the covalent bonds between pairs of (Si, Ge) atoms during the magnetically coupled, crystallographic phase transition for x e 0.503 in the vicinity of respective transition temperatures.
6,7 Across these transitions, the distances between pairs of (Si, Ge) atoms change by ca. 0.9 Å. Since the making and breaking of covalent bonds are reminiscent of the closing and opening action of a zipper, Gd 5 (Si x Ge 1-x ) 4 can be considered as "nanoscale zippers" in the solid state. 7, 8 The three "nanoscale zipper" structures observed in Gd 5 (Si x Ge 1-x ) 4 at room temperature 9 are the Sm 5 Ge 4 -type 10 (orthorhombic, Pnma, 0 e x e 0.3), the Gd where T represents Si or Ge, but their differences arise by how these slabs stack with respect to one another. 6, 7 One of the crucial variables that can induce such drastic structural transformation in the Gd 5 (Si x Ge 1-x ) 4 system is the Si/Ge ratio.
12 Interestingly, Si and Ge atoms in Gd 5 (Si x Ge 1-x ) 4 are neither completely ordered nor randomly mixed, based on the single-crystal data of Gd 5 Si 2 Ge 2 6 and Gd 5 Si 1.5 Ge 2.5 .
7
The distribution of Si and Ge atoms at an atomic scale becomes a latest, critical issue of this series. 7 Previous studies on the Gd 5 (Si x Ge 1-x ) 4 system primarily focused on the Si/Ge ratio of the bulk polycrystalline alloys. 9 We are now concerned with the Si and Ge occupation at each crystallographic site because these (Si,Ge) atoms are the ones that break, re-form, or sustain the covalent bonds during the phase transition. The T-T dimers can be homonuclear Si-Si and Ge-Ge or heteronuclear Si-Ge, with the ratio among the three different dimer species varying as the bulk Si/Ge ratio changes. 13 However, the role of different dimer species on the structural evolution of this series of compounds has yet to be addressed. To study this problem experimentally, single-crystal X-ray diffraction of the Gd 5 (Si x Ge 1-x ) 4 series is a prerequisite. 14 The site occupation data extracted from the single-crystal X-ray diffraction studies do provide information for further detailed theoretical studies to explain why the dimers in certain slabs break while others do not. However, the complete story necessarily requires local probes of chemical structure. 4 . This plot can be used as a structure sorting map and will allow rapid assessment of the three structure types in the Gd 5 (Si x Ge 1-x ) 4 and its related systems.
Experimental and Theoretical Methods
Synthesis. The Gd 5 (Si x Ge 1-x ) 4 samples, where x ) 0, 0.11, 0.32, and 0.46, were prepared by arc-melting its constituent elements in an argon atmosphere on a water-cooled copper hearth. The starting materials were high purity Gd (99.99 wt %, Materials Preparation Center of the Ames Laboratory), Si (99.9999+ wt %, CERAC, Inc.), and Ge (99.9999 wt %, CERAC, Inc.). Each alloy was remelted several times from both sides of the arc-melted button to ensure homogeneity. Single crystals were selected from the ascast sample. Final products were analyzed using semiquantitative energy dispersive spectroscopy (EDS) attached to a scanning electron microscope (SEM). The differences between starting and measured sample compositions were within 3 at. %. Further annealing of the Gd 5 (Si x Ge 1-x ) 4 samples leads to formation of Gd(Si x Ge 1-x ) and Gd 5 (Si x Ge 1-x ) 3 as well as crystals of poorer quality for single-crystal X-ray diffraction experiments. 7 X-ray Crystallography. X-ray diffraction data were collected at 292 K using a Bruker CCD-1000, three-circle diffractometer with Mo KR radiation (λ ) 0.710 73 Å) and a detector-to-crystal distance of 5.08 cm on 2-3 crystal specimens for each composition. Data were collected in at least a quarter hemisphere and were harvested by collecting three sets of frames with 0.3°scans in ω for an exposure time of 10-20 s/frame. The range of 2θ extended from 3.0 to 56.0°. The reflections were extracted from the frame data using the SMART program 15 and then integrated using the SAINT program. 15 Data were corrected for Lorentz and polarization effects. Absorption corrections using SADABS 15 were based on fitting a function to the empirical transmission surface as sampled by multiple equivalent reflections. Unit cell parameters were indexed by peaks obtained from 90 frames of reciprocal space images and then refined using all observed diffraction peaks after data integration. The structure solution was obtained by direct methods and refined by full-matrix least-squares refinement of F o 2 using the Bruker SHELXTL package. 15 Table 1 for the specimen from each sample showing the best quality of refinement, and Table 2 shows the corresponding atomic coordinates. Electronic Structure Calculations. Tight-binding, linear muffintin orbital (TB-LMTO) electronic band structure calculations in the atomic sphere approximation (ASA) were carried out for various models of Gd 5 Si 2 Ge 2 (discussed in a subsequent section) using the LMTO47 program. 16 Exchange and correlation were treated in a local density approximation. All relativistic effects except spinorbit coupling were taken into account using a scalar relativistic approximation. The radii of the Wigner-Seitz (WS) spheres were obtained by requiring the overlapping potential to be the best possible approximation to the full potential according to an automatic proceduresno empty spheres were necessary. 17 The WS radii determined by this procedure for the atoms in Gd 5 Si 2 Ge 2 are 1.847-2.053 Å for Gd, 1.541 Å for the T1 position, and 1.505 Å for the T2 and T3 positions. The basis set included Gd 6s, 6p, and 5d orbitals, Si 3s, 3p, and 3d orbitals, and Ge 4s, 4p, and 4d orbitals. The Gd 4f orbitals were treated as core functions with seven valence electrons. Furthermore, the Si 3d and Ge 4d orbitals were treated by the Löwdin downfolding technique. 16 The k-space integrations to determine the total valence electron energies and crystal Hamiltonian orbital populations 18 (COHP) were performed by the tetrahedron method using between 32 and 50 k-points in the irreducible wedges of the appropriate unit cells.
Results and Discussion
Structures. At room temperature, the Gd 5 (Si x Ge 1-x ) 4 structures adopt the orthorhombic Sm 5 Ge 4 -type for x ) 0, 0.11, and 0.32 and the monoclinic Gd 5 Si 2 Ge 2 -type for x ) 0.46 (Figure 1 ). Low-temperature structures, i.e., below the corresponding transition temperatures, are all of the Gd 5 Si 4 -type. 19 One notable point is that coordinates of the individual atomic sites do not change significantly in a given structure (16) type as can be seen in 4 , as the Si content increases, it is remarkable to see that half of the monomers (T1-T1; 3.5-3.6 Å) in the Sm 5 Ge 4 -type becomes dimers (T1A-T1A; 2.5-2.7 Å) in the Gd 5 Si 2 Ge 2 -type while the other half remains as monomers (T1B-T1B; 3.5-3.6 Å). Therefore, the interslab distance between (Si,Ge)-(Si,Ge) pairs can be viewed as a signature for distinguishing the three structure types, i.e., 2.6 Å for the Gd 5 Si 4 -type, alternating 2.6 and 3.5 Å for the Gd 5 Si 2 Ge 2 -type, and 3.5 Å for the Sm 5 Ge 4 -type. The structural transition from the Sm 5 Ge 4 -type to the Gd 5 Si 2 Ge 2 -type is a rare example of a sequential reductionoxidation reaction in the solid state. 7
Si/Ge Occupation and Bond Breaking. Figure 2 illustrates the Ge occupation in each T site in Gd 5 (Si x Ge 1-x ) 4 as a function of x. The Si and Ge atoms occupy each T site in a nonstatistical fashion as was already seen in Gd 5 Si 2 Ge 2 6 and Gd 5 Si 1.5 Ge 2.5 . 7 For all x values, Ge atoms prefer the T1 site over the T2 or T3 sites. It is also interesting to see that the T3 site is always higher in Ge content than the T2 site, although the coordination environments are quite similar. To explain the observed phenomena, two issues are important:
(1) What influences the distribution of Si and Ge atoms among the various T sites, and (2) why do T2-T3 dimers stay intact while T1-T1 dimers break as the Ge concentration increases?
These issues are related to both the chemical and symmetry aspects of the site preference problem in chemical structures, 27 which we address through electronic structure calculations.
We examined five model structures with a stoichiometry of Gd 5 Si 2 Ge 2 in its low-temperature form, i.e., the Gd 5 Si 4 -type: model I (space group Pnma) contains 100% Ge on T1 sites and 100% Si on both T2 and T3 sites; models IIa (P112 1 /a), IIb (P2 1 ma), and IIc (Pn2 1 a) have 50% Si and 50% Ge on the T1 sites, Ge on the T2 sites, and Si on the T3 sites; model III has 100% Si on T1 sites and 100% Ge on both T2 and T3 sites. For all model II structures, the T2-T3 dimers are heteronuclear. Model IIa contains 50% Si-Si and 50% Ge-Ge dimers at the T1-T1 positions, whereas models IIb,c involve only heteronuclear Si-Ge dimers at the T1-T1 sites. Table 3 summarizes important results from the TB-LMTO-ASA calculations relevant to the coloring of Si and Ge in Gd 5 Si 2 Ge 2 . Model I is most energetically stable, followed by IIa-c (ca. 0.069 eV/formula unit) and III (0.088 eV/formula unit). The lowest energy model I shows the trend found in our diffraction experiments, as this model has Ge atoms between the slabs in the T1 positions and Si atoms within the slabs in the T2 and T3 sites. However, we do not see a complete segregation of Ge and Si in any diffraction experiment on Gd 5 (Si x Ge 1-x ) 4 , which can be attributed to the entropy component of the free energy. For the Gd 5 Si 2 Ge 2 example, the free energy can be approximated by the following expression:
Here f I , f II , and f III represent the fractions of models I-III (19) The low-temperature phases of all Gd5(SixGe1-x)4 structures with x < 0.43 belong to the Gd5Si4-type. 9 It is also known that all ferromagnetic phases have the Gd5Si4 type. See: Levin, E. M.; Pecharsky, V. K.; Gschneidner, K. A., Jr.; Miller, G. J. Phy. ReV. B 2001, 64, 235103. (20) The Gd5(SixGe1-x)4 system has a two-phase region at 0.31 < x < 0.43 and 0.503 < x < 0.575. For this reason the powder refinements in those regions are not reliable. 9b (21) (a) T2-T3 dimer distances are 2.682(3) Å for Gd5Ge4, 2.675(4) Å for Gd5(Si0.11Ge0.89)4, 2.641(4) Å for Gd5(Si0.32Ge0.68)4, 2.626(4) Å for Gd5(Si0.4Ge0.6)4, 7 2.632(4) Å for Gd5(Si0.46Ge0.54)4, and 2.623(4) Å for Gd5(Si0.5Ge0.5)4. 6 (b) T1A-T1A dimer distances for the monoclinic phases are 2.739(4) Å for Gd5(Si0.46Ge0.54)4 and 2.614(5) Å for Gd5(Si0.5Ge0.5)4. 6 It is noteworthy that the T1A-T1A distance found in Gd5(Si0.46Ge0.54)4, 2.739(7) Å, is rather long compared with typical T1-T1 dimer distances. (22) Tetrelide is a general name for compounds that contain group IV elements such as C, Si, Ge, Sn, and Pb. 
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constituting the total system (therefore, f I + f II + f III ) 1) and II and III represent the total energies of models II and III relative to model I (i.e., I ) 0). Due to the constraint on the fractions of each model, the free energy, A(T), can be plotted as a contour map with respect to two fractions, f I and f II . Figure 3 illustrates these plots for a calculation at low temperature (T ) 500 K) and at high temperature (T ) 2000 K). At high temperature, the minimum free energy value occurs for the fractions f I ) 0.40, f II ) 0.31, and f III ) 0.29, which gives the T1 site occupancy as f Ge ) 0.56 and f Si ) 0.44. This result is in excellent agreement with experiment. 6 At the lower temperature, we find the minimum value for f I ) 0.59, f II ) 0.11, and f III ) 0.30, which gives the T1 site occupancy as f Ge ) 0.70 and f Si ) 0.30.
When electronic energies are calculated using a tightbinding scheme, the contribution from the valence electrons to these energies can be divided into two terms: a site energy term; a bond energy term. 27, 28 Within the TB-LMTO-ASA method, we can examine the contribution from the bond energy term by calculating the crystal orbital Hamiltonian population (integrated COHP values). 18 The results for T1-T1 and T2-T3 dimers as well as for Gd-Ge and Gd-Si pairs are summarized in Table 3 . Note that there is (28) The competition between the site energy and the bond energy can be seen in structures such as LnAuxAl4-x (0.75 e x e 2) and AEZn2Al2 (Ln ) La-Tb; AE ) Ca, Sr, Ba "Nanoscale Zippers" in Gd 5 (Si x Ge 1-x ) 4 very little difference between models I and III for the sum of T-T and Gd-T integrated COHPs, with just a slight preference for model I (by 0.005 eV/formula unit) due to Gd1-T and Gd2-T interactions. This indicates that even the two extreme cases of I and III are both plausible in terms of bond energy. Furthermore, we see that the T1-T1 bonds show consistently lower integrated COHP values than the T2-T3 bonds, which indicates a lower bond order for these T1-T1 interactions. Also, the integrated COHP values decrease from Si-Si to Si-Ge to Ge-Ge, in agreement with the dissociation energies for Ge-Ge (186 kJ/mol) and Si-Si (225 kJ/mol) dimers. Analysis of the site energy term from the valence electrons involves summing up the product of the atomic orbital charges and the corresponding orbital energy, which is summarized at the bottom of Table 3. The differences among the different models arise from the site energies associated with the T sites: model I gives the lowest site energy by 0.02 eV/formula unit over model III. Therefore, the Gd 5 Si 4 -type structures of Gd 5 (Si x Ge 1-x ) 4 prefer to have Ge, the more electronegative atom of the two, in T1 sites. The electronegativity difference between Si and Ge manifests itself through the valence atomic orbital energies: 4s (Ge) < 3s (Si) and 4p (Ge) ∼ 3p (Si) (see Table 3 ). How this Gd 5 (Si x Ge 1-x ) 4 series can tolerate such severe changes in T1-T1 bonding still remains as a puzzle despite recent theoretical efforts. 29 Nevertheless, a simple orbital rationale provides an important clue on why only T1-T1 dimers break rather than T2-T3 dimers during the Gd 5 Si 4 -type (LT) f Gd 5 Si 2 Ge 2 -type (RT) transition (see Figure 4) . In the Gd 5 Si 4 -type, the coordination environment surrounding each T1-T1 dimer has approximately "C 2h " (2/m) symmetry, which allows orbital mixing between σ p and π* (both gerade) or π and σ* (both ungerade) molecular orbitals of the dimers. In contrast, the T2-T3 dimers in the slabs of the Gd 5 Si 4 -type has "D 2h " (mmm) symmetry. In this case no mixing is allowed among σ p , π, π*, and σ p * orbitals. It is the symmetry-allowed mixing between the π and σ* molecular orbitals of the T1-T1 dimers that leads to lower integrated COHP values for these interactions as compared to the T2-T3 bonds. Valence s-p orbital hybridization also contributes to the bond breaking phenomena in Gd 5 (Si x Ge 1-x ) 4 , and this effect is tied to the distribution of Si and Ge atoms among the T1, T2, and T3 sites. Since ∆ sp (Ge) > ∆ sp (Si) (∆ sp ) np -ns ), there is greater s-p orbital hybridization in Si than in Ge, which makes the Si-Si σ* orbital high in energy and reduces its symmetry-allowed mixing with the π orbital for the T1-T1 dimers. Therefore, Ge-Ge dimers will have a greater tendency to break during the phase transitions.
Structure Map. While compiling the lattice parameter data for various Gd 5 (Si x Ge 1-x ) 4 , we note that the b/a ratio vs c/a ratio plot can be a simple but powerful structure sorting map in this particular series. Kotur and co-workers 30 tried plotting a map on the basis of a/b and a/c ratios to distinguish binary Ln 5 X 4 structures (Ln ) lanthanides and Pu; X ) Si, Ge, Sn, Pb, Rh, Ir, Pt, Au) for a broad spectrum of compounds, but they observed that the separation between different structure types is not evident. Within this specific system, such a map is effective and allows structural characterization on the basis of lattice constant determinations alone. Figure 5 illustrates the b/a ratio vs c/a ratio plot for 32 samples of the Gd 5 (Si x Ge 1-x ) 4 series, 31 which shows the three structure types to be well separated. The b/a and c/a ratios are parameters to determine whether the lattice changes are isotropic or not. The most evident change in cell parameters occurs along the a direction. For example, the a parameter for Gd 5 Ge 4 is about 3% greater than for Gd 5 Si 4 . This effect is due to the fact that T-T covalent bond formation or separation occurs parallel to the a direction. Whenever the two-dimensional 2 ∞ [Gd 5 T 4 ] slabs are connected by (Si,Ge)-(Si,Ge) dimers, the c/a ratio increases. Therefore, the most dimer-rich structure type, Gd 5 Si 4 , has the highest c/a ratio. In contrast, the relative change in the b or c lengths is quite small, compared to a direction. The lattice parameter b of Gd 5 Ge 4 is 0.6% greater than for Gd 5 Si 4 while the lattice parameter c for Gd 5 Ge 4 is 0.5% greater than for Gd 5 Si 4 . Although the difference in relative changes between the b and c direction is miniscule, it does help to separate the three structures as shown in Figure 5 . The structure map shown here works especially well when the compounds are in the same series, like Gd 5 (Si x Ge 1-x ) 4 . Recently we have found a new Ln 5 T 4 series, Gd 5 (Ga x Ge 1-x ) 4 .
12d One of its members, Gd 5 GaGe 3 , demonstrates an intermediate, orthorhombic structure between the Sm 5 Ge 4 -type and Gd 5 Si 4 -type, thereby opening up a new possibility of a new Ln 5 T 4 series that can continuously vary the bond distance of the T1-T1 dimers between the slabs and allows us to study the relationship between the magnetic properties and the dimer separation between the slabs. 32
